). This classification was based on comparative morphology among genera but did not explicitly develop hypotheses for phylogenetic relationships in the group.
Little is known about the evolutionary and biogeographic history of the Metastrongyloidea and Protostrongylidae, and these taxa have not been evaluated phylogenetically as have other groups such as the Trichostrongyloidea and Trichostrongylidae (e.g., Durette-Desset, 1985; Hoberg and Lichtenfels, 1994) . Within the Metastrongyloidea, the Protostrongylidae were believed by Dougherty (1949) to be part of a lineage that included the Filaroidinae and Pseudaliinae. He suggested that these 3 lineages corresponded, respectively, to radiations in carnivores, cetaceans, and artiodactyles. Pryadko (1984) (as in Lichtenfels, 1987) proposed that protostrongylids were archaic and considerably older than reptiles and mammals and that metastrongyloids were originally parasites of amphibians.
Within the Protostrongylidae, there have been no prior phylogenetic interpretations for the evolution of the family, and relationships among the genera are unknown. Although phylogenetic analyses exist for elaphostrongyline nematodes (Platt, 1984; Carreno and Lankester, 1994) , the evolution of this clade relative to other protostrongylids has remained unclear. In addition, the recent discovery and diagnosis of a new protostrongylid genus, Umingmakstrongylus Hoberg, Polley, Gunn, and Nishi, 1995 in North American muskoxen, have raised the question of how this parasite is related to other protostrongylids (Hoberg et al., 1995) . In this analysis we provide a phylogenetic hypothesis for the Protostrongylidae obtained using morphological characters. The results of this phylogenetic reconstruction are a test of the validity of various taxonomic classifications of the protostrongylids and provide a basis for future systematic studies within the family. Additionally, we explore the putative history for parasite-host relationships for the protostrongylids, artiodactyles, and lagomorphs within a phylogenetic context for these nematodes.
MATERIALS AND METHODS

General methods and specimens
Representative specimens of each of the genera of the Protostrongylidae were examined to acquire an understanding of the diversity and homology for structural characters across the family; at least 1 representative of each genus was studied, and this information was augmented by detailed descriptions in the literature (Table II) (Marotel, 1913) . For these species, information was obtained from published descriptions (Table II) . A total of 28 binary and multistate characters was defined.
Phylogenetic analysis
Higher-level analyses of supraspecific taxa in the Metastrongyloidea have not been conducted, and thus it was problematic to determine the sister group and maximally informative outgroups for the Protostrongylidae. Although the Metastrongyloidea are presently unresolved, there is substantial evidence that the Metastrongylidae (and species of Metastrongylus Molin, 1861) are basal in the superfamily. Species of Metastrongylus have well developed cephalic labia, a simple guberaculum (sometimes absent), and a unique structure for bursal rays (Dougherty, 1949) . Additionally, they are oviparous and the egg-shell is thick (Anderson, 1978). Furthermore, members of this genus occur exclusively in suids and use earthworms as intermediate hosts rather than gastropods as in most other groups including the Protostrongylidae. These features provide sufficient evidence that Metastrongylidae is distinct from other groups, and it is generally believed to be basal to the other major families in the Metastrongyloidea (Dougherty, 1949; Lichtenfels, 1987; Durette-Desset et al., 1994) . Consequently, based on this justification, Metastrongylidae and Metastrongylus apri, respectively, were designated as outgroups for hierarchical analysis of genera and species of Protostrongylidae in the present study. Additionally, attempts to resolve relationships of the Protostrongylidae were also examined relative to genera and species of Crenosomatidae Schulz, 1951 and Skrjabingylidae (Skrjabin, 1933).
Character polarity was determined relative to the taxonomic outgroups as specified above. Separate data matrices for generic and species-level taxa were written using MacClade 3.05 (Maddison and Maddison, 1992) and included 28 binary and multistate characters (Tables  III and IV ). In the generic-level matrix certain characters were coded as polymorphic to recognize interspecific variation in an attribute among species in a genus (multistate taxa) ( Table IV) . The data matrices were analyzed using the software Phylogenetic Analysis Using Parsimony (PAUP), version 3.1.1 (Swofford, 1993) first in a heuristic search mode with variation in options for branch swapping, e.g., TBR, SPR, NNI, with Addition Sequence = Simple and with MULPARS in effect; multistate characters were unordered. Trees were confirmed with Branch and Bound, a more exact algorithm for obtaining the most parsimonious solution. Descriptive statistics include the consistency index (CI), homoplasy index (HI), and retention index (RI). Host associations for protostrongylid genera and species were examined by mapping and optimization of mammalian taxa onto the parasite phylogeny with MacClade 3.05 (Maddison and Maddison, 1992) . Analysis at the species level yielded a single MPT (76 steps; CI = 0.582; CI, excluding uninformative characters = 0.577; HI = 0.418; RI = 0.759) (Fig. 2) that diagnoses monophyly for the family based on characters 1, 6, 27, and 28 (Fig. 2) ; The second major clade (Fig. 2) 10, 12, 13, 15-17, 20, 23, 24, 26 , and 27 were the most informative (CI = 100%), whereas characters 2, 6, 9, 18, and 22 had low CI values (<50%). These were relatively consistent in both the generic and species-level analyses.
RESULTS
Character
The major clades and subclades were diagnosed in both generic and species-level analyses, although relative position in respective trees was variable (Figs. 1, 2) . Both analyses placed the Muelleriinae and Elaphostrongylinae as sister groups. Varestrongylus + Pneumostrongylus, however, were either the sister of the Muelleriinae + Elaphostrongylinae (Fig. 2) or excluded from this subclade to be placed basal to the remaining protostrongylid genera (Fig. 1) . Protostrongylus was consistently placed in the crown of both trees.
When the Crenosomatidae or Skrjabingylidae were used as outgroups either together or independent from the Metastrongylidae, results were characterized by a high level of instability and ambiguity. Multiple outgroups did not aid in resolution of the tree(s), and results of these analyses (not shown) were highly inconsistent, both in the numbers of MPTs and in the relationships postulated among genera and species. Additionally, inclusion or exclusion of species from the analysis influenced the structure of the major clades, subfamily groupings, e.g., subclades, and in species relationships as depicted in Figure 2 . In contrast, stability in tree topology was observed with the Metastrongylidae designated as the sole outgroup in both generic and species-level analyses.
Parasite-host relationships
Host-group taxa at the level of family, subfamily, tribe, or species were mapped onto the parasite phylogeny derived from species-level analysis (Fig. 3) . Mapping and optimization (CI = 0.82) indicates the following: (1) Cervidae are basal hosts for protostrongylids; (2) a minimum of 3 independent colonization events from cervids to the Caprinae (including the Caprini and Rupicaprini) are postulated; and (3) additional hostswitching is recognized with respect to the distributions of U. pallikuukensis, P. calcaratus, 0. macrotis, and P. hobmaieri. The structure of this tree, relative to the species of protostrongylids examined, suggests that distinct groups of Protostrongylus spp. occur in Caprini and in Lagomorpha, but basal host associations cannot yet be resolved for this assemblage (Fig.  3) . These overall relationships were consistent with mapping of host groups onto the generic-level phylogeny (not shown).
DISCUSSION
Phylogeny for Protostrongylidae
Monophyly for the Protostrongylidae is corroborated by the current analysis. The putative subclades diagnosed in the present analysis (Figs. 1, 2) Pneumostrongylus has been a confusing taxon in protostrongylid systematics as many nematodes currently classified in other genera have, in the past, been referred to this genus. Varestrongylus alpenae from the lungs of the white-tailed deer Odocoileus virginianus Zimmermann was originally described as a species of Pneumostrongylus. Similarly, P. tenuis was originally described by Dougherty (1945) ., 1994) . Members of the metastrongyloid Skrjabingylidae parasitize the sinuses of mustelids. These have been considered to be a group that became isolated in a specific site in the host, whereas other taxa colonized the lungs (Anderson, 1982) . The Elaphostrongylinae have also become specialized in a nonpulmonary site, although the evolutionary effects of competition from other metastrongyloids in the lungs are unclear.
Additional phylogenetic characters
The precise functions of the structural characters in the Elaphostrongylinae and in other taxa are presently unknown. Unfortunately, it was not possible to obtain additional suitable morphological data for the cephalic papillae and stoma in each of the ingroup taxa. Although en face observations using light microscopy are useful, more detail is observable by scanning electron microscopy (SEM). Despite the availability of SEM descriptions for 3 genera (Gibbons et al. [1991] ; Carreno and Lankester [1993] for Elaphostrongylus and Parelaphostrongylus; Hoberg et al. [1995] for Umingmakstrongylus), there are no data for most other genera. Obvious differences are apparent between Umingmakstrongylus and the Elaphostrongylinae, and our preliminary observations on other taxa (data not shown) indicate considerable differences among some species in Protostrongylus as well as in other genera (e.g., character 19). There is clearly also a need for SEM studies of first-, second-, and third-stage larvae, with emphasis on the morphology of the tail.
There are presently no DNA sequences available for protostrongylid nematodes that can be used in phylogenetic analysis. However, preliminary analyses using protein electrophoresis have indicated differences between Protostrongylus spp. and other lungworms (Cutillas et al., 1995) . Similarly, the use of isoelectric focusing has demonstrated similar isoelectric points between adults and larvae of presumed single species (Steen et al., 1994) . Recently, internal-transcribed spacer (ITS) sequences were used to distinguish several Metastrongylus spp. in a sympatric population (Leignel et al., 1997) . In the latter study, ITS sequences were used to avoid the use of morphological characters to identify phenotypically similar species. Similar sequences would also be useful in analyses of the Protostrongylidae, particularly within the genus Protostrongylus.
Supraspecific taxa or species in phylogenetic analysis
The major clades and subclades were diagnosed in both generic and species-level analyses, although their relative position in respective trees was variable (Figs. 1, 2) . Matrices used to explore relationships were largely similar (Tables III, IV) but differed in using supraspecific (Fig. 1) versus species-level taxa (Fig. 2) as terminal groups in respective analyses. This influenced character coding, particularly at the generic level where multistate taxa (Protostrongylus and Varestrongylus) in this analysis were coded as polymorphic for a limited number of characters (Table III) .
Recent studies have discussed the problems and the range of proposed solutions associated with examining relationships of higher-level or supraspecific taxa (e.g., Yeates, 1995; BinidaEmonds et al., 1998; Wiens, 1998). Although conclusions and recommendations from these studies are not entirely in agreement, it is clear that the strength of phylogenetic hypotheses is dependent on inclusion of data for variable characters and their distribution within taxa (Wiens, 1998) . Whereas a complete species-level analysis might be preferred, it is also clear that this is often not practical or possible. When supraspecific taxa are used as terminals in phylogenetic analysis, methods that infer ancestral states, e.g., the IAS method, for polymorphic (multistate) taxa are preferable to those that employ estimates of primitive or derived states or include polymorphism and may provide more accurate results (Yeates, 1995; Wiens, 1998) . Binida-Emonds et al. (1998) found that such an ancestral method provided a strong and justified alternative approach to using exemplars (1 or more species-level representatives of a higher taxon) in estimates of higher-level phylogeny. In contrast, Wiens (1998) advocated using species as terminals (splitting of higher taxa) whenever possible and that methods using higher-level taxa alone performed relatively poorly based on a simulation approach to examining the problems of coding and taxon representation.
The current study used designation of polymorphism in generic-level taxa (Table III) because previous estimates of higher-level phylogeny within the Protostrongylidae were not available. Thus, within the context of ingroup phylogeny, ancestral states could not be estimated (Wiens, 1998) . This may have influenced the topology of the MPT recovered (Fig. 1) , although the major subclades are largely consistent with the species-level evaluation. Whereas the protostrongyles should eventually represent a group in which complete analysis of species is tractable, as noted below, the availability of high-quality specimens in museum collections is limited. Additionally, inclusion or exclusion of species from the analysis (Table IV; Fig. 2 ) influenced the structure of the major clades, subfamily groupings, e.g., subclades, and in relationships for species, often yielding highly ambiguous results. Thus, it is clear that an exemplar method that uses single or limited numbers of species to represent large higher-level taxa may result in erroneous estimates of relationship, and phylogenetic structure will vary as a function of the species included or excluded from the analysis (Binida-Emonds et al., 1998; Wiens, 1998).
Parasite-host coevolution
Putative patterns of parasite-host coevolution (collectively cospeciation and coadaptation) can be elucidated initially by examining host-distribution relative to a phylogeny for a parasitic group (e.g., Brooks and McLennan, 1993). This has been explicitly examined for the Elaphostrongylinae and their cervid hosts (Platt, 1984; Carreno and Lankester, 1994) , but critical coevolutionary studies of other protostrongylids are lacking. Protostrongylids are widespread in Cervidae, Caprini, and Lagomorpha but rare among such ruminant groups as the Rupicaprini, Alcelaphinae, and Antelopinae, and are unknown in suids, tragulids, and giraffids.
Mapping of host taxa onto the species-level phylogeny for the Protostrongylidae unequivocally revealed Cervidae as the basal hosts for the family and supports a history of cospeciation involving the elaphostrongylines (see Platt, 1984 ) and other genera (Fig. 3) . Colonization of bovids of the subfamily Ca-prinae and those in the tribes Caprini and Rupicaprini from a cervid source is postulated with respect to the Muelleriinae, V. pneumonicus, and N. linearis. Further, host-switching appears to be compatible with the occurrence of Muellerius in rupicaprine hosts, U. pallikuukensis in Ovibos moschatus (Zimmermann), P. calcaratus in African Antelopinae and Alcelaphinae, 0. macrotis in Antilocapra americana (Ord), and P. hobmaieri in Rupicaprini.
Patterns of cospeciation are also suggested by the distribution of Protostrongylus in either Lagomorpha or in the Caprini, but basal associations for this subclade are unresolved in the context of the current study (Fig. 3) . The putative sister-group relationship of P. pulmonalis and P. boughtoni, the only 2 species examined in this study that parasitize lagomorphs, may be indicative of cospeciation with a distinct group in Protostrongylus. A more inclusive analysis of the genus, including other species known to parasitize lagomorphs is necessary, e. Schulz, 1930 . There are few suitable museum specimens available for these species as well as for other protostrongylids, further constraining the possibility of a more comprehensive analysis.
Cospeciation of protostrongylids following independent colonization of the Caprini may have involved both species of Protostrongylus (including Spiculocaulus) and those in the Muelleriinae (Fig. 3) . Host-specificty appears limited, however, with many species being reported from a wide range of caprine hosts (Boev, 1975) , an observation that will confound clear resolution of a history for diversification of protostrongylids in wild sheep, goats, and allied bovids.
Although clearly associated basally with the Caprini, the host associations for constituent genera and species of the Muelleriinae continue to be resolved incompletely (see Hoberg et al., 1995) . The current tree suggests that the occurrence of Muellerius in rupicaprine hosts represents colonization. Understanding the history of Umingmakstrongylus, however, is in part linked to resolution of phylogenetic relationships among the Caprini and Rupicaprini and the placement of 0. moschatus (Thenius, 1980 The Protostrongylidae evolved primarily in ruminants (Dougherty, 1949), and our results further support Dougherty's hypothesis that parasitism of lagomorphs was a host-switching event that occurred from a ruminant ancestor. Caprine hosts (particularly sheep and goats) are very common for various distantly related protostrongylids, and 2 independent lineages appear to have coevolved with this group; cervids are also hosts of diverse genera. Recognition of a basal association for Cervidae and protostrongyles, however, still does not completely address the broader coevolutionary history for ruminants and these lungworms. This situation exists because of the array of largely dissimilar hypotheses that have been developed for the phylogeny and interfamilial relationships for the pecoran ruminants that serve as the primary hosts for genera and species of protostrongyles (e.g., Groves and Grubb, 1987; Janis and Scott, 1988; Gentry and Hooker, 1988; Kraus and Miyamoto, 1991). Radiation of the pecoran ruminants is estimated to have occurred rapidly between 23 and 28 million years ago (Kraus and Miyamoto, 1991) , and origins of the protostrongyles may be eventually linked to this diversification assuming evidence for a history of coevolution.
Further confounding development of a comprehensive hypothesis for host-parasite coevolution, however, is the recognition that data for host occurrence and specificity may be limited in some genera. Few cross-infection experiments have been undertaken to determine host specificity, and it is not known whether some species can infect distantly related hosts. For example, the initial description of Protostrongylus coburi Dikmans, 1935 was based on parasites found in the lungs of whitetailed deer (0. virginianus). The illustration of the first-stage larvae, however, showed dorsal-spined forms not characteristic of the genus Protostrongylus and were likely those of Varestrongylus alpenae. Larvae with the spike-shaped tail characteristic of Protostrongylus spp. were not shown (Dikmans, 1935) . In a recent examination of parasites described as P. coburni (USNPC lot 46229 but not the types 34065), we could not distinguish these parasites from P. boughtoni of snowshoe hares (unpublished observations).
Thus, the possibility of less strict host specificity than has previously been known should be further investigated in the Protostrongylidae. This, and more complete treatment of species of Protostrongylus and other genera will promote a refined understanding of the evolutionary history of these significant mammalian parasites.
